It has been brought to our attention that in Bell et al. [1] we misinterpreted the method presented by Khoo et al. [2] for calculating pK a from measured data. In their paper, the authors present the following equation for calculating pK a : pK a = pK 
where pK • a is the acid dissociation coefficient of ammonium in pure water; t is the temperature in • C and I f is the formal ionic strength of the solution with ion pairing neglected (mol kg −1 ).
Using this formula, we applied pK • a as a constant value (at standard temperature, 25 • C), as have some of the studies we noted in Bell et al. [1] Used in this way there is substantial divergence between the measured data in Khoo et al. [2] and the predictive equation (Eqn 1), as demonstrated in Bell et al. [1] However, the correct and presumably intended approach for Eqn 1 would be to use a temperaturedependent value for pK • a from the work of Bates and Pinching, [3] although this was not explicitly stated within Khoo et al. [2] In this form, Eqn 1 was essentially a temperature correction of the pK a in pure water (pK • a ) with a further correction for the effect of variation in ionic strength (which itself has a small variation with temperature) in saline water ((0.1552 − 0.0003142 × t) × I f ). When used in this way, Eqn 1 gave reasonable predictions of the pK a of ammonia/ ammonium in saline waters for an environmentally-appropriate range of temperatures (between 5 and 40 • C). However, Eqn 1 required another formula to describe the temperature-dependence of pK • a ; this was described in Bates and Pinching. [3] In Bell et al. [1] we formulated an approximation for pK a in the form of a simple linear equation (Eqn 2):
where t is the temperature in • C and I f is the formal ionic strength of the solution (mol kg −1 ). This is still applicable and accurate between 5 and 40 • C (Fig. 1) . We can substitute salinity (S) for I f without a loss in accuracy, making calculation simpler for marine waters where salinity rather than I f is usually measured; the method for its derivation was outlined in Bell et al. [1] and produces Eqn 3:
A full chemical model of seawater that includes ammonia/ ammonium had previously been developed and extensively compared with experimental data. [4] This provided a highly accurate equation with 10 coefficients and enabled the calculation of pK a to ±0.00017 for a range of temperatures (−2 to 40 • C) and salinities (0 to 40). The Clegg and Whitfield [4] formulation was in good agreement with both Eqn 3 and the data of Khoo et al. [2] ( Fig. 1) . The formula of Johansson and Wedborg [5] predicted somewhat divergent values from all of the above, including the data of Khoo et al. [2] (Fig. 1) . For applications requiring high precision, the Clegg and Whitfield [4] expression would probably be the most suitable, particularly below 5 • C. However, for simpler calculations we would recommend the salinity-based expression presented here (Eqn 3). . Deviations from Clegg and Whitfield [4] are plotted against temperature at four different salinities (S = 0, black; S = 20.31, blue; S = 35, red; and S = 44.55, green). B refers to Bell et al. [1] (solid lines, dotted below 5 • C as the expression was developed based upon the data of Khoo et al. [2] ); K refers to Khoo et al. [2] (dashed lines); J&W refers to Johansson and Wedborg [5] (dotted lines); K Data refers to the experimental results of Khoo et al. [2] (open symbols).
We acknowledge and thank Simon Clegg for drawing attention to our misinterpretation of Khoo et al. [2] in Bell et al. [1] Rapid Communication Environmental context. Quantifying ammonia concentrations in natural waters is important for our understanding of environmental processes that relate, in particular, to aquaculture toxicity and to the transfer of gaseous ammonia into the atmosphere where it plays a role in new particle formation and climate regulation. The proportion of ammonia present in natural waters is determined in part by variations in temperature and salinity. This work identifies that a previous equation for predicting ammonia concentrations over natural temperature and salinity ranges is incorrect and suggests alternative, more appropriate equations. A more accurate estimation of environmental ammonia concentrations is essential if improved estimates are to be made of the flux of ammonia into the atmosphere and the level of ammonia toxicity within aquacultures.
Abstract. The equilibrium between ammonia (NH 3 ) and ammonium (NH + 4 ) in aqueous solution is a function of temperature, pH and the ionic strength of the solution. Here we reveal a 30-year-old error in published work on the thermodynamics of ammonium dissociation in seawater, which has propagated throughout the literature. The work in question [1] presents an incorrect expression for the variation of the acid dissociation coefficient (K a ) of ammonium with temperature and ionic strength. We detail the error and reveal that it can lead to as much as a 500% overestimation in calculated NH 3 concentration under environmental conditions. This finding is highly relevant, particularly for studies of ammonia toxicity and air-sea ammonia exchange. In addition, we recommend two expressions that better reproduce previous experimental work: (i) taken from the work of Johansson and Wedborg, [2] and (ii) our own derivation using the dataset of Khoo et al. [1] Additional keywords: ammonia, ammonium, aquatic chemistry, correction, dissociation coefficient, seawater.
The biolimiting element nitrogen exists in numerous oxidation states, and many nitrogen-containing compounds are an integral part of biological systems. Here we are specifically interested in ammonia (NH 3 , a form of reduced N) and its protonated form, ammonium (NH + 4 ). In aqueous environments, nitrogen is taken up and assimilated by phytoplankton for the construction of amino acids and proteins (i.e. for growth and repair). However, whilst NH + 4 is an essential nutrient for some photosynthesisers, NH 3 is also often excreted as a waste product or metabolite by higher organisms, particularly fish. In aqueous natural environments, complex cycles of production and consumption processes exist for NH 3 /NH + 4 . [3] [4] [5] [6] Whilst an understanding of the relevant processes and their respective rates is important, the quantification of ambient concentrations is also essential. In particular, knowledge of the exact NH 3 concentration is important in studies of air-sea gas exchange and NH 3 toxicity within aquacultures; we refer to these specific examples later in this paper.
In aqueous solution, NH 3 exists in equilibrium with NH + 4 , which is a weak acid that reversibly dissociates into ammonia and a proton (Eqn 1).
The position of the equilibrium between ammonium and ammonia is represented by the acid dissociation coefficient of ammonium, K a (i.e. the equilibrium coefficient for the above reaction):
where square brackets denote concentration. Although the formal expression of K a should use activities instead of concentrations, seawater K a values have tended to be expressed using concentration terms and as a function of temperature and ionic strength. [1, 2, 7] Eqn 2 represents a formula for calculating seawater K a and thus uses concentrations rather than activities.
When quantifying ammonia concentrations in natural waters, it is most common to measure the sum of the concentrations of ammonium and ammonia, i.e. [ 
It should be noted that direct pH measurements using a glass electrode give H + activity (or {H + }). It is, therefore, necessary to convert from {H + } into [H + ] by dividing {H + } by the activity coefficient (γ), which can be calculated using the following formula [8] (or equivalent):
(4) where S = salinity (dimensionless).
Khoo et al. [1] discuss the findings of a laboratory study on the dissociation of ammonium in synthetic seawater over a range of temperature and ionic strength. They present measured values of pK a (i.e. −log 10 K a ) and a predictive expression, which is supposed to be derived from their observations (Eqn 5):
where pK • a is the acid dissociation coefficient of ammonium in pure water at 25 • C (9.245 [9] ), t is the temperature in • C and I f is the formal ionic strength of the solution (mol L −1 ), which can be converted into salinity. [10] However, the expression presented in Eqn 5 fails to reproduce the measurements presented within the paper (see Fig. 1 ), or equivalent measurements presented elsewhere, [2, 7, 11] which are in good agreement with the dataset of Khoo et al. [1] In fact, Eqn 5 implies that when I f is zero (i.e. pure water) there is no temperature effect on pK a , which from the experimental data [1] is clearly incorrect. No account of the formula's derivation is provided. We have tried to contact the authors but have been unable to obtain their perspective or an explanation.
A more accurate correction for the effect of temperature and salinity on pK a in seawater was published just a few years after Khoo et al. [1] and uses the following equation: [2] pK a = −0.467 + (0.00113 · S) + 2887.9 T
where T is the temperature in K, and S is the salinity (dimensionless). Note that Eqn 6 shows relatively close agreement with the Khoo et al. [1] measured data, as well as other data. [2, 7] [1] formulation for ambient NH 3(aq) concentration over an environmental range of (a) temperatures and (b) salinities. The 100% line represents true ambient NH 3 concentration; >100% is an overestimation of the true value while <100% is an underestimation. Note the log scale on the y-axis in (a).
In addition, we have derived a predictive equation to represent a best fit to the Khoo et al. [1] dataset (Eqn 7). Later in this paper, we discuss these predictive equations and how well they compare (see Fig. 3 below) .
where t is the temperature in • C and I f is the formal ionic strength of the solution. This was derived using (i) the average slope of the linear relationships that exist between pK a and t when I f is kept constant (slope = 0.0315536), and (ii) the average slope of the linear relationships that exist between pK a and I f when t is kept constant (slope = 0.14737). Every one of these linear relationships was strong (mean r 2 = 1.00, range 0.99 to 1.00). To derive Eqn 7, the intercept of the line when both I f and t were zero was derived (10.0423) and the t function (0.03145536 · t) and I f function (0.14737 · I f ) applied to this value. As might be expected, agreement between the measured data of Khoo et al. [1] and that predicted using Eqn 7 is very good (r 2 = 1.00, slope = 1.00, intercept = 0.01).
Ammonia concentrations for typical surface water conditions based on the incorrect pK a values from Khoo et al. [1] (Eqn 5) are compared to the values of Johansson and Wedborg [2] (Eqn 6). These plots (Fig. 2) over/underestimation (Eqn 8) for environmental ranges of temperature (Fig. 2a) and salinity ( Fig. 2b) :
where [NH 3(aq) ] (1977) is the NH 3 concentration calculated using Khoo et al. [1] and [NH 3(aq) ] (1980) is the NH 3 concentration calculated using Johansson and Wedborg. [2] Greater than 100% is an overestimation of ambient NH 3 concentration while less than 100% is an underestimation. In general, using the Khoo et al. [1] formula leads to an overestimation of ambient NH 3 concentrations except above ∼23 • C (Fig. 2a) . Changes in salinity have a substantially smaller effect (Fig. 2b) . Although Eqn 6 and Eqn 7 compare well with the datasets from which they were derived, it is useful to compare the numerical outcomes of these relationships. Fig. 3 (Fig. 3) . This is likely a result of the methodological differences between Khoo et al. [1] and Johansson and Wedborg; [2] note that equivalent differences can also be seen in the data they present. [2] In particular, Khoo et al. [1] used a sulfate-free buffer, while Johansson and Wedborg [2] used a sulfate-containing medium. Johansson and Wedborg [2] consider this the dominant cause for the differences observed. The percentage difference in [NH 3 ] that can be generated by using either Eqn 6 or Eqn 7 is substantial and warrants further study.
It is clear that identifying the appropriate concentration of NH 3 is important in environmental chemistry. To highlight this, two examples have been chosen, although many more are likely to exist within the literature: (i) aquaculture studies; and (ii) airsea NH 3 flux studies. These examples have been chosen in part because many research groups (including our own) have used the Khoo et al. [1] equation as part of aquaculture studies [12, 13] and air-sea NH 3(g) exchange studies. [14] [15] [16] (i) It has been shown that NH 3 is toxic to many organisms above certain threshold levels. [12, 17] Aquacultures that maintain temperatures below 20 • C and use the Khoo et al. [1] expression will substantially overestimate the level of NH 3 present, which is relevant in terms of toxicity to fish and the related costs of removing NH 3 from water recycled within the aquaculture. [13] (ii) The exchange of gaseous NH 3 between the oceans and the atmosphere is part of the global redistribution and cycling of nitrogen. [18] Either an over or under estimation of aqueous NH 3 concentrations will have substantial impacts upon the calculation of the air-sea flux of NH 3(g) because the flux is dependent upon simultaneous measurements of oceanic and atmospheric concentrations. This is particularly important in oceanic regions away from terrestrial influences, where the atmospheric and oceanic concentrations are such that the direction of flux can change as a result of relatively small changes in concentration. [19, 20] In summary, there is an unexplained error in the Khoo et al. [1] formula (Eqn 5) that leads to substantial error in the estimation of true NH 3 concentrations in seawater (Fig. 1) . To appropriately estimate the true concentration of NH 3(aq) , the formula that should be used to calculate pK a is either Eqn 6 [2] or Eqn 7 (this work). However, significant differences also exist between the products of these two equations.
